Metastatic breast cancer is a highly lethal disease, and it is very important to evaluate the biomarkers associated with distant metastasis. However, molecular features of distant metastasis remain largely unknown in breast cancer. Estrogens play an important role in the progression of breast cancer and the majority of stage IV breast carcinomas express estrogen receptor (ER). Therefore, in this study, we examined molecular markers associated with distant metastasis in ER-positive breast carcinoma by microarray and immunohistochemistry. When we examined the gene expression profile of ER-positive stage IV breast carcinoma tissues (n = 7) comparing ER-positive stage I-III cases (n = 11) by microarray analysis, we newly identified OLFM4, LY6D and S100A7, which were closely associated with the distant metastasis. Subsequently, we performed immunohistochemistry for OLFM4, LY6D and S100A7 in 168 ER-positive breast carcinomas. OLFM4, LY6D and S100A7 immunoreactivities were significantly associated with stage, pathological T factor, distant metastasis and Ki67 status in the ER-positive breast carcinomas. Moreover, these immunoreactivities were significantly associated with a worse prognostic factor for distant metastasis-free and breast cancer-specific survival in ER-positive stage I-III breast cancer patients. However, when we performed immunohistochemistry for OLFM4, LY6D and S100A7 in 40 ER-negative breast carcinomas, these immunoreactivities were not generally associated with the clinicopathological factors examined, including distant metastasis and prognosis of patients, in this study. These results suggest that OLFM4, LY6D and S100A7 immunoreactivity are associated with an aggressive phenotype of ER-positive breast carcinoma, and these are potent markers for distant metastasis of ER-positive breast cancer patients.
| INTRODUCTION
Breast cancer is one of the most common malignant tumors among women across the world. Although advancements in detection and treatment of breast cancer have been made, approximately 5% of breast cancer presents metastasis to distant organs, such as bone, lung and liver, at diagnosis (Stage IV). 1 In addition, approximately 30% of breast cancer patients will develop metastasis during the evolution of their disease. 2 Metastatic breast cancer is a highly lethal disease, and the 10-year survival rate remains at only 15%. 1 Estrogens play an important role in the progression of breast cancer, and a majority (e.g. 64%
according to Davidson et al 1 ) of stage IV breast carcinomas express estrogen receptor (ER). Therefore, it is very important to evaluate the clinical and/or biological markers associated with distant metastasis to improve the prognosis of ER-positive breast cancer patients.
Molecular features of distant metastasis remain largely unknown,
and it is still impossible to accurately predict it in breast cancer.
Breast cancer is considered a systemic disease at the onset as a consequence of cells entering lymphatics or veins, 3, 4 and it is suggested that distant metastasis is not a random event, but is, at least in a part, determined by characteristics of breast carcinoma cells at the primary site. Therefore, in this study, we first examined the gene expression profile of ER-positive stage IV breast carcinoma tissues based on microarray analysis, and newly identified OLFM4, LY6D and S100A7 as genes closely linked to distant metastasis.
Olfactomedin 4 (OLFM4) is a member of the olfactomedin family and is a glycoprotein with a single peptide, an N-terminal coil-coil and a C-terminal olfactomedin domain. 5 OLFM4 regulates various signaling pathways and factors, including NF-κB, Wnt and Notch. 5, 6 Overexpression of OLFM4 mRNA is detected in various carcinoma tissues, such as colon, breast and lung carcinomas, compared to non-cancerous tissues. 7 In contrast, lymphocyte antigen 6 family member D (LY6D) is a member of the LY6 family, and it is a membrane-bound protein with a glycosylphosphatidylinositol (GPI)-anchor. 8 LY6 family members are reported to play important roles in cancers. LY6K was found to cause metastasis of breast cancer cells, 9 while LY6A/E promoted breast tumorigenesis in mouse models. 10 Finally, S100A7 (S100 calcium-binding protein A7) is a member of the S100 family of calcium-binding proteins and regulates various cellular functions, such as calcium homeostasis, cell proliferation, differentiation, apoptosis and cell invasion. 11 S100A7 enhanced the growth and invasive properties of breast cancer, and it was considered to play an important role in the progression of breast cancer. 12 However, immunolocalization of LY6D has not been examined in breast carcinoma and that of OLFM4 and S100A7 was only very recently reported by Xiong et al 13 and Sakurai et al 14 , respectively. Because the significance of these 3 proteins remains largely unknown in breast carcinoma, we subsequently performed immunohistochemistry for OLFM4, LY6D and S100A7 in breast carcinoma tissues according to ER status.
| MATERIALS AND METHODS

| Patients and tissues
Two sets of tissue specimens were evaluated in this study. The first set consisted of 18 specimens of ER-positive invasive ductal carcinoma, not otherwise specified, of the breast (7 stage IV and 11 stage I-III cases) obtained from Japanese female patients (age range; 35-76 years) who underwent surgical treatment from 2010
to 2015 in the Department of Surgery, Tohoku University Hospital (Sendai, Japan). The specimens were stored at −80°C for microarray analysis in addition to being fixed in 10% formalin and embedded in paraffin.
As a second set, 208 specimens of invasive ductal carcinoma, not otherwise specified, of the breast (ER-positive; n = 168, and ERnegative n = 40) were obtained from Japanese female patients (age range; 27-88 years) who underwent surgical treatment. All the specimens were fixed in 10% formalin and embedded in paraffin wax. 
| Microarray analysis
Gene expression profile of ER-positive stage IV breast carcinoma was examined using microarray analysis. Briefly, total RNA was extracted from 18 snap-frozen specimens of ER-positive breast carcinoma tissues (first set) using an RNeasy Mini Kit (QIAGEN, Hilden, Germany 
| Statistical analysis
Association between immunohistochemical status of OLFM4, LY6D
and S100A7 and various clinicopathological factors were evaluated using Student's t test or a cross-table using the χ 2 -test. The statistical analyses were performed using the StatView 5.0J software (SAS Institute, Cary, NC, USA). Distant metastasis-free and breast cancerspecific survival curves were generated according to the KaplanMeier method, and statistical significance was calculated using the log-rank test. Univariate and multivariate analyses were evaluated using a proportional hazard model (Cox). P-value < .05 and .05 ≤ Pvalue < .10 were considered significant and borderline significant, respectively, in this study.
| RESULTS
| Gene expression profile in estrogen receptor-positive stage IV breast carcinoma
We first examined the gene expression profile of ER-positive stage IV breast carcinoma by microarray analysis in the first set. In Fig- ure 1A, the scatterplot reveals that 88 probes were predominantly expressed in stage IV breast carcinoma. The known functions of the top 10 genes according to the expression ratio (stage IV/stage I-III)
are briefly described in Table 1 .
F I G U R E 1 Gene expression profile in estrogen receptor (ER)-positive stage IV breast carcinoma. A, Scatterplot analysis in the stage IV breast carcinoma tissues (n = 7) comparing stage I-III cases (n = 11). Probes with an expression ratio of more than 2.0 are located in the left upper section, outside the diagonal lines (area in pink). The top 10 genes predominantly expressed in stage IV breast carcinoma are listed in Table 1 . Locations of the top 3 genes, for which immunohistochemistry was performed (ie, OLFM4, LY6D and S100A7), are noted as red circles. B, Venn diagrams representing number of probes predominantly expressed in ER-positive stage IV cases comparing ER-positive stage I-III cases (total 88 probes) and/or that comparing ER-positive stage I-III cases with lymph node metastasis (total 226 probes). All the stage IV cases are lymph node metastasis in this study. The lower panels summarize the location of the top 10 genes. The top 3 genes are listed in both panels and are in bold All 7 ER-positive stage IV cases examined showed lymph node metastasis, while 4 out of 11 ER-positive stage I-III cases were positive for lymph node metastasis. Among the 88 probes predominately expressed in the stage IV cases, 61 probes were also predominately expressed in the stage IV compared to the stage I-III with lymph node metastasis, suggesting that these were closely associated with distant metastasis in ER-positive breast carcinoma ( Figure 1B ).
| Immunolocalization of OLFM4, LY6D and S100A7 in estrogen receptor-positive breast carcinoma
We next performed immunohistochemistry for the top 3 genes (ie, OLFM4, LY6D and S100A7) in ER-positive breast carcinoma tissues using the first set (n = 18). Immunoreactivity of OLFM4 (Figure 2A ), LY6D ( Figure 2B ) and S100A7 ( Figure 2C ) was detected in the cytoplasm, membrane and both cytoplasm and nucleus of breast carcinoma cells, respectively (left panel in each figure), but it was negative in the stroma or non-neoplastic mammary glands (right panel in each figure).
When the cases that had more than 10% of the positive carcinoma cells were considered positive for OLFM4, LY6D and S100A7 in this study, with the 10% cut-off value frequently used as a reproducible evaluation, 20 the frequency of immunohistochemical status in the stage IV and stage I-III cases was 71% and 27% (2.6-fold) for OLFM4, 14% and 0% for LY6D and 29% and 9% (3.2-fold) for S100A7, which is consistent with the results of microarray analysis.
| Association between immunohistochemical status of OLFM4, LY6D and S100A7 and clinicopathological parameters in estrogen receptor-positive breast carcinoma
To further analyze the clinicopathological significance of these 3 proteins, we immunolocalized OLFM4, LY6D and S100A7 in 168 ER-positive breast carcinoma cases of the second set, which were different from the first set. As shown in Table 2 , immunohistochemical OLFM4 status was positive in 45 out of 168 breast carcinomas (27%) and it was positively associated with stage (P < .0001), pathological T factor (pT) (P < .0001), lymph node metastasis (P = .0078), distant metastasis (P < .0001) and Ki67 status (P = .0011). In contrast, the LY6D status was positive in 19 out of 168 ER-positive breast carcinomas (11%) and it was positively associated with stage (P = .0022), pT (P = .0014), lymph node metastasis (P = .010), distant metastasis (P = .0012) and Ki67 status (P = .0005) ( Table 2 ). The S100A7 status was positive in 29 out of 168 ER-positive breast carcinomas (17%), and it was positively associated with stage (P = .0044), pT (P = .0038), distant metastasis (P = .0064), histological grade (P = .0001) and Ki67 status (P = .042), and marginally associated with lymph node metastasis (P = .090) ( Table 2) .
No significant association was detected between OLFM4, LY6D
and S100A7 status at the primary site and the metastatic organ in 33 ER-positive stage IV cases in this study (Table S1 ).
| Association between OLFM4, LY6D and
S100A7 status and clinical outcome of estrogen receptor-positive stage I-III breast cancer patients
As shown in Figure 3A , immunohistochemical OLFM4 status was significantly associated with an increased incidence of distant Results of univariate analysis of distant metastasis-free survival using Cox (Table 3) , OLFM4, Ki67, histological grade, pT, lymph node metastasis, LY6D and S100A7 were demonstrated to be significant prognostic factors. The multivariate analysis revealed that Ki67 (P = .0035) and OLFM4 (P = .016) were the worst prognostic factors for distant metastasis-free survival.
As shown in Figure 4 , OLFM4 (P < .0001; Figure 4A ), LY6D
(P = .0015; Figure 4B and S100A7 (P = .0007; Figure 4C ) statuses were significantly associated with adverse clinical outcome of these patients. Univariate analyses for breast cancer-specific survival revealed histological grade, OLFM4, S100A7, LY6D, Ki67 and lymph node metastasis as significant prognostic variables (Table 4) . Subsequent multivariate analysis demonstrated that LY6D (P = .031) and OLFM4 (P = .036) were independent worse prognostic factors, while Ki67 and lymph node metastasis were borderline significant factors, in this study.
| Immunolocalization of OLFM4, LY6D and S100A7 in estrogen receptor-negative breast carcinoma
We also immunolocalized OLFM4, LY6D and S100A7 in 40 ER-negative breast carcinomas of the second set. The immuno-positivities of OLFM4, LY6D and S100A7 were 58% (23 out of 40 cases), 25% (10 out of 40 cases) and 63% (25 out of 40 cases), respectively, and the OLFM4, LY6D
and S100A7 statuses were inversely associated with ER status in the second set in total (n = 208; P = .0002, P = .025 and P < .0001, respectively).
As shown in Table S2 , OLFM4, LY6D and S100A7 statuses were not associated with clinicopathological parameters examined in 40 ER-negative cases in this study, except for an inverted association between LY6D and with HER2 (P = .044), and a positive association between S100A7 and Ki67 (P = .042). No significant association was detected between OLFM4
(P = .94; Figure S1A ), LY6D (P = .86; Figure S1B ) and S100A7
(P = .92; Figure S1C ) and distant metastasis-free survival in 32 ERnegative stage I-III breast cancer patients in this study. Similarly, no significant association was detected between OLFM4 (P = .81), LY6D (P = .82) and S100A7 (P = .26) and breast cancer-specific survival in these patients.
| DISCUSSION
This is the first study to demonstrate the gene expression profile of ER-positive stage IV breast carcinoma tissues, to the best of our knowledge. Gene expression profiling is very important to survey molecular features of a particular group of breast carcinomas, 17, 21 and several molecular-based diagnostic systems have been developed, such as MammaPrint 22 and Oncotype DX, 23 and PAM50. 24 In this study, microarray analysis results revealed 88 probes that are predominantly expressed in the stage IV group compared to stage I-III cases. Among the top 10 genes, 9 genes, except for LRP1B, were also predominantly expressed in the stage IV compared to stage I-III with lymph node metastasis, which suggests a close link to distant metastasis in ER-positive breast cancer patients. Their function and/ or significance are largely unknown in breast carcinoma. However, for instance, carbonic anhydrase III (CA3) was immunolocalized in myoepithelial cells of the breast, 25 and it promoted transformation and invasion capability in hepatoma cells. 26 In contrast, ORM1 (orsomucoid 1) was reported as a serum biomarker to predict relapse-free survival of advanced breast cancers 27 and KIF1A (kinesin family member 1A) was overexpressed in ER-negative breast carcinoma cells and it mediated docetaxel resistance. 28 In this study, we immunolocalized OLFM4, LY6D and S100A7, which were listed as the top 3 genes in Table 1 , in the second set to clarify their clinicopathological significance in breast carcinoma.
In our study, immunoreactivity of OLFM4, LY6D and S100A7
was detected in 27%, 11% and 17% of ER-positive breast carcinoma tissues, respectively. The immnuoreactivity was significantly associated with distant metastasis, and it is in good agreement with the results from microarray analysis using the first set. Considering that the immunoreactivity of OLFM4, LY6D and S100A7 was negligible in non-neoplastic mammary epithelium, it is suggested that these proteins are abnormally overexpressed in ER-positive stage IV breast carcinoma cases, and these are potent factors associated with distant metastasis in ER-positive breast carcinoma. However, these immunoreactivities were not associated with distant metastasis in ER-negative breast carcinomas in the present study (Table S2) , although the number of cases was limited. Therefore, the significance of these proteins may be more evident in the ER-positive group than in ER-negative cases. Our present results suggest that OLFM4, LY6D and S100A7 immunoreactivity are potent markers for the distant metastasis, including the prediction, in ER-positive breast carcinoma tissues, and these proteins may become important therapeutic targets in ER-positive breast cancer patients. P-value < .05 and .05 ≤ P-value < .10 were significant (in bold) and borderline significant (in italics).
F I G U R E 3 Distant metastasis-free survival of ER-positive stage I-III breast cancer patients (n = 135) according to OLFM4 (A), LY6D (B) and S100A7 (C) status. The solid line shows the positive group, and the dashed line shows the negative group. P-value < .05 was considered significant (shown in bold)
Although overexpression of OLFM4 mRNA was previously detected in various carcinoma tissues, 7 the significance of OLFM4 seems controversial. For instance, OLFM4 immunoreactivity was significantly associated with poor prognosis in patients with gastric 29 and pancreatic 30 cancer, and OLFM4 promoted S-phase transition in proliferation 31 and it was involved in suppressing apoptosis 32 of cancer cells. However, Seko et al 33 showed that OLFM4 immunoreactivity was an independent better predictor of survival in patients with colorectal cancer, and, very recently, Xiong et al 13 reported that OLFM4 immunoreactivity was significantly associated with better prognosis of triple negative breast carcinoma, and upregulation of OLFM4 suppressed migration and invasion of the triple negative breast carcinoma cells. In this study, OLFM4 immunoreactivity was significantly associated with stage, pT, lymph node metastasis, distant metastasis and Ki67 status, and, moreover, it was demonstrated to be an independent worse prognostic factor for distant metastasisfree and breast cancer-specific survival for ER-positive stage I-III breast cancer patients. In contrast, no association was detected between OLFM4 and prognosis in ER-negative cases. These results were inconsistent with those of Xiong et al, 13 which may be partly due to differences in the subtype of breast carcinoma, the small number of ER-negative cases in this study, the OLFM4 antibody used, and the evaluation method for the immunoreactivity. Limited information is currently available on OLFM4 in breast cancer, and replication studies with a larger sample set and/or a longer follow-up period are needed to confirm the significance of OLFM4 in breast carcinoma.
This is the first study to demonstrate LY6D immunolocalization in breast carcinoma. In this study, LY6D immunoreactivity was significantly associated with stage, pT, lymph node metastasis, distant metastasis and Ki67 status in ER-positive breast carcinomas, and it was also significantly associated with both distant metastasis-free and breast cancer-specific survival of ER-positive stage I-III breast cancer patients. Luo et al 34 reported that LY6D mRNA expression Previous studies demonstrated that S100A7 was highly expressed in the ductal carcinoma in situ (DCIS) with comedo necrosis 20 , and it was involved in transition to invasive breast carcinoma. 12 Very recently, Sakurai et al 14 reported that S100A7 was upregulated by an interaction between breast carcinoma cells and cancer-associated adipocytes, and S100A7 immunoreactivity was significantly associated with histological grade, stage, lymph node metastasis and worse prognosis for relapse-free survival of breast carcinoma, although they did not examine stage IV cases. Our present results are consistent with this report, and it is suggested that S100A7 protein plays an important role in the aggressiveness of ER-positive breast carcinoma, including distant metastasis, and the prognosis of patients.
In summary, we examined the gene expression profile of ERpositive stage IV breast carcinoma by microarray analysis and newly identified that OLFM4, LY6D and S100A7 were closely associated with distant metastasis. A subsequent immunohistochemical analysis revealed that OLFM4, LY6D and S100A7 status were positive in 27%, 11% and 17% of ER-positive breast carcinoma cases, respectively, and these were all significantly associated with stage, pT, distant metastasis and Ki67 status and a worse prognostic factor for distant metastasis-free and breast cancer-specific survival. These results suggest that OLFM4, LY6D and S100A7 immunoreactivity are associated with an aggressive phenotype of ER-positive breast carcinoma, and these are potent markers for distant metastasis in ER-positive breast cancer patients.
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